We demonstrated that modulated infrared radiation can cause the resonant excitation of plasma oscillations in quantum well diode and transistor structures with high electron mobility. This effect provides a new mechanism for the generation of tunable terahertz radiation using photomixing of infrared signals. We developed a device model for a quantum well photomixer and calculated its high-frequency performance. It was shown that the proposed device can significantly surpass photomixers utilizing standard quantum well infrared photodetectors.
I. INTRODUCTION
Interest in utilizing the terahertz ͑THz͒ range of the electromagnetic spectrum is increasing rapidly. This is due to applications such as radio astronomy, remote sensing, commercial and military imaging, broadband communications, etc. There is a continuing demand for compact, coherent, and tunable sources of THz radiation. The conventional electronic devices can cover only the low-frequency end of this spectral range. The transition to lower frequencies of radiation generated by laser diodes on the narrow-gap materials and quantum-cascade lasers also encounters significant difficulties. Alternative approaches to generate THz radiation are associated with optical techniques, that use a coherent output at the difference frequency ͑equal to the difference between the frequencies of radiation emitted by two lasers͒ or a response of photoconductive structures to femtosecond optical pulses. [1] [2] [3] [4] [5] Fast quantum well infrared photodetectors ͑QWIPs͒ utilizing intersubband transitions 6 can also be used for the generation of THz radiation by mixing infrared laser beams. Indeed, as shown theoretically, QWIPs can exhibit a marked response to infrared signals in the THz range of modulation frequencies if the electron transit time is short enough ͑as can be in single QWIPs 7, 8 ͒ or if electrons reveal a pronounced velocity overshoot after their photoexcitation from QWs. 9, 10 Recently, the THz signals produced by coherent plasma oscillations of the photogenerated carriers have been observed in p-i-n structures by Sha et al. 11 and Kersting et al. 12 However, due to a strong damping of the plasma oscillations excited by short optical pulses, only few-cycle THz signals have been observed. 12 The concept of the THz generation and frequency multiplication utilizing plasma nonlinearities, as well as plasma instabilities resulting in selfsustained oscillations in semiconductor structures, has been considered for a long time. However, due to relatively high scattering rates of carriers and their strong heating, the plasma instabilities in semiconductor structures which could be driven by the electric field are actually suppressed. Special attention has been given by Dyakonov and Shur to the fact that the conditions for the plasma instabilities and generation of THz oscillations can be more favorable in semiconductor heterostructures with a high mobility twodimensional electron system. 13, 14 It was proposed to use field-effect and hot-electron transistors with high electron mobility for the detection, mixing, frequency multiplication, and direct generation of THz signals. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Experimental observation of the nonresonant detection of microwave radiation associated with the plasma effects in AlGaAs/GaAs high electron mobility field-effect transistors has been reported by Weikle et al. in 1996 . 26 Later, Lü et al. demonstrated the nonresonant 27 and resonant ͑corresponding to the third harmonic͒ 28, 29 detection of THz radiation by a deep submicron transistor of this type at 2.5 THz. Recently, the resonant detection at the fundamental harmonic ͑0.6 THz͒ was observed. 30 Burke et al. have published a very interesting paper 31 where they reported on sharp peaks of the impedance at microwave frequencies ͑in a field-effect transistor with a very long gate and a super high electron mobility͒, attributed to the plasma waves in the transistor channel. The plasma wave velocity as a function of the electon concentration in the channel and the temperature-dependent plasma wave damping have been determined experimentally as well.
The purpose of this article is to show that modulated infrared radiation can excite the plasma oscillations with the frequencies in the THz range in QW structures with high electron mobility. The structure of the device which can be called QW photomixer ͑QWPM͒ and its band diagram are schematically shown in Fig. 1 . We consider a diode-type and a transistor-type structures which include a narrow-gap n layer ͑forming a QW channel͒ placed between two wide-gap barrier N layers. The top ͑collector͒ barrier is followed by a narrow-gap doped collector n ϩ region supplied with a metal collector electrode. The bottom barrier layer ͑we shall call it the gate barrier͒ is relatively high to prevent the escape of both the thermalized and photoexcited electrons from the QW channel. This layer can lie either on a semi-insulating substrate ͓diode-type QWPM, see Fig. 1͑a͔͒ or on a narrowgap doped n ϩ layer ͑with the pertinent contact͒ playing the role of the gate ͓transistor-type QWPM, see Fig. 1͑b͔͒ . The QW channel is assumed to be undoped to provide a high electron mobility. This channel is supplied with two side contacts, so that it can be filled with electrons when the collector contacts ͑or the collector contact and the gate͒ are positively biased. 32 Extra electrons can be induced in the QW channel by donors in the gate barrier. In this case, donors should be placed sufficiently far from the QW channel not to decrease the electron mobility. As an option, the QW channel may have only a single side contact.
A QWPM can be made of A 3 B 5 materials with, for example, a GaAs ͑or InGaAs͒ QW channel and Al x Ga 1Ϫx As and Al y Ga 1Ϫy As collector and gate barrier layers ͑with 0 ϽxϽy͒. In principle, the collector barrier can be in direct contact with a metal electrode ͑the Schottky collector͒.
The QW width and the height of the collector barrier should be chosen in such a way to provide a proper energy of the transition of electrons from bound states in the QW into continuum states ͑QW photoionization energy͒ above the collector barrier. The QW photoionization energy, ⑀ c I , should satisfy the following inequality: ⑀ c I рប⍀ 1 Ӎប⍀ 2 Ͻ⑀ g I , where ប⍀ 1 and ប⍀ 2 are the energies of photons emitted by lasers used for photomixing and ⑀ g I is the QW photoionization energy with the electron escape over the gate barrier.
Incident infrared radiation polarized in such a way that its electric field has a component perpendicular to the QW plane can excite electrons from the bound states in the QW into the continuum states above the collector barrier. If the intensity of incoming radiation is modulated with a frequency , the rate of electron photoescape is a periodic function of time with the same frequency. This leads to a periodic variation of the electron concentration and the potential in the QW. When coincides with one of the resonant plasma frequencies of electrons in the QW, the amplitude of the plasma oscillations in the QW can be fairly large, particularly if the damping associated with the electron collisions is weak. The resonant plasma frequencies are determined by the length of the QW channel (2L) and the electron sheet concentration in it (⌺). If 2L is sufficiently small ͑about 1 m or smaller͒, the resonant plasma frequencies in QWs with reasonable electron concentrations ͑about 10 12 cm Ϫ2 ͒ fall in the THz range. Due to the dependence of ⌺ on the bias voltages, the plasma resonances are voltage tunable. It is natural that the electron photoexcitation from the QW by modulated infrared radiation results in the ac electron current collected by the collector contact. The amplitude of the current induced by the photoexcited electrons in the collector circuit͑s͒ is of the same order of magnitude as in single QWIPs at relatively high signal frequencies when the photoelectric gain is about unity, 7, 8 that takes place if the capture probability p c Ӎ1. However, relatively weak modulated infrared radiation can excite the resonant plasma oscillations ͑plasma standing waves͒ with a rather large amplitude. In this case, the amplitude of the QW potential oscillations, the displacement current in the barriers, and, hence, the ac current in the collector circuits can be large. A similar mechanism of the resonant amplification of the electron current in a QW infrared hot-electron phototransistor ͑IHEPT͒ was considered recently by V.R. 33 Contrary to an IHEPT, in which the ac current caused by modulated infrared radiation is associated with electrons ͑both photoexcited and injected͒ in the QWPM under consideration the main component of the total ac current is the displacement current. Due to this, the QWPM high-frequency performance is not determined by the differential conductivity of the barrier͑s͒. As a result, the QWPM can exhibit a strong response in the THz range at very low dc currents.
II. EQUATIONS OF THE MODEL
We shall consider the transistor-type version of the QWPM. The formulas obtained in the following for such QWPMs can be easily modified for the diode-type QWPMs ͑see the following͒.
We assume that the voltages between each side contacts to the QW and other contacts are fixed. The QW is excited by two infrared laser beams with the frequencies ⍀ 1 and ⍀ 2 which difference is equal to , so that the total incident photon flux ͑intensity͒ is modulated and can be presented as IϭI 0 ϩI exp(Ϫit), where the spatial nonuniformity of the dc (I 0 ) and ac (I ) components is assumed to be insignificant. The values I 0 and I are determined by the photon fluxes of infrared radiation ͑I 1 and I 2 , respectively͒ emitted FIG. 1. Schematic view of diode-type ͑a͒ and transistor-type ͑b͒ QWPM structures without doping of the gate barrier and a band diagram of transistor-type QWPM ͑c͒. Arrows indicate electron trajectories ͑bound-to-continuum photoexcitation followed by transport over collector barrier͒.
by both lasers: I 0 ϭI 1 ϩI 2 and I ϭ2ͱI 1 I 2 . In the QWPMs with W QW ӶW c , W g , where W QW , W c , and W g are the widths of the QW and the barriers, respectively, a linear relationship between the signal components of the electric potential in the QW ϭ (x) exp(Ϫit) and the electron sheet concentration ⌺ ϭ⌺ (x) exp(Ϫit) can be taken in the ''gradual channel'' approximation: 34 ⌺ ϭϪC /e. ͑1͒
Here,
is the capacitance per unit area of the QW channel which includes the capacitances of the collector and gate junctions and the quantum capacitance 35 ͑see the Appendix͒, where a B ϭ(aeប 2 /me 2 ) is the Bohr radius, e and m are the electron charge and effective mass, respectively, ae is the dielectric constant, and ប is the reduced Planck constant. The linearized versions of the continuity equation and the equation of motion ͑the Euler equation͒ for electrons in the QW channel are
where u and G ϭ(I 0 ⌺ ϩ⌺ 0 I ) are the variation of local electron velocity in the in-plane direction and the variation of electron photoescape rate from the QW, respectively,
is the dc component of the electron sheet concentration induced in the QW channel by the applied voltages and, possibly, by donors in the gate barrier ͑see the Appendix͒, is the photoescape cross section, is the electron collision frequency associated with impurities and phonons, and the axis x is directed in the QW channel plane ͑see Fig. 1͒ , so that the side contacts to this channel correspond to xϭϮL. Introducing the plasma wave velocity sϭͱe 2 ⌺ 0 /mC and the characteristic frequency 0 ϭI 0 , Eqs. ͑1͒, ͑3͒, and ͑4͒ can be reduced to
where ␤ 2 ϭ͓ 2 ϩi( 0 ϩ)Ϫ 0 2 ͔/s 2 . Taking into account the above-given formulas for C and ⌺ 0 , one can see that s ϰͱ⌺/C is actually independent of the quantum capacitance.
The boundary conditions for Eq. ͑6͒ have the form 
͑8͒
Using Eq. ͑8͒, the net ac current in the collector junction ͑including both the current induced by the photoexcited electrons and the displacement current͒ can be presented by
where J 0 ϭe⌺ 0 I 0 A is the total electron current stimulated by the infrared radiation absorbed in the QW, Aϭ2LH is the QW channel area, H is the size of the QW in the direction parallel to the QW contacts. The quantity
is the characteristic photoelectric gain. The first term ͑unity͒ on the right-hand side of Eq. ͑10͒ originates from the electron current while the second one is due to the displacement current.
As can be seen from Eq. ͑10͒ the modulus of the characteristic gain is strongly oscillating function of the signal ͑modulation͒ frequency if the resonance quality factor Q ϭ2s/L( 0 ϩ)Ӎ2s/Lӷ1. For quality factor of QWPMs with GaAs QW channel, choosing W c ϭW g ϭ50 nm, 2L ϭ1 m, and ⌺ 0 ϭ1ϫ10 12 cm Ϫ2 , one can obtain QӍ5 at the electron mobility ϭ75 000 cm 2 /V s (ϭ4ϫ10 11 s Ϫ1 ͒, and QӍ20 if the electron mobility ϭ300 000 cm 2 /V s ( ϭ1ϫ10 11 s Ϫ1 ͒. At liquid helium temperatures, the resonance quality factor can be much larger. Indeed, using the experimental data for the electron collision frequency and the plasma wave velocity 31 ͑Ӎ5ϫ10 9 s Ϫ1 and sӍ2 ϫ10 8 cm/s at ⌺ 0 ϭ2ϫ10 11 cm Ϫ2 ͒ for 2Lϭ(1Ϫ5) m and I 0 ϭ10 24 cm Ϫ2 s Ϫ1 , one can arrive at 0 ϭ5ϫ10 9 s Ϫ1 ͑i.e., 0 Ӎ͒ and Qϭ2s/L( 0 ϩ)Ӎ(160-800). The calculated values of Q substantially exceed those obtained experimentally in Ref. 31 but for the channel length about hundred times longer than in the above-given estimates.
At low frequencies, the characteristic gain tends to unity. At sufficiently high frequencies when 0 ӶӶ, Eq. ͑10͒ yields
The gain modulus has sharp maxima at the plasma resonant frequencies 11-22 n ϭ(2nϪ1)⍀ P , where nϭ1,2,3, . . . is the resonance index, and
is the fundamental resonant plasma frequency. The characteristic photoelectric gain as a function of the signal frequency calculated using Eq. ͑11͒ for QWPMs with different parameters is shown in Figs. 2 and 3 . Figure 4 shows the dependencies of the fundamental resonant plasma frequency on the electron concentration in the QW channel made of GaAs for different lengths of the latter. At ϭ n , Eq. ͑11͒ yields
Using Eqs. ͑9͒ and ͑13͒, one can derive the expression for the QWPM responsivity R ϭJ /ប⍀I ͑where ប⍀ is the energy of infrared photons͒ at the plasma resonances: Figure 5 shows the resonant responsivity at the fundamental resonance as a function of the electron concentration in the QW channels with different electron mobilities (W c ϭW g ϭ50 nm, 2Lϭ1 m, ϭ2ϫ10 Ϫ15 cm 2 , and ប⍀ ϭប⍀ 1 Ӎប⍀ 2 Ӎ124 meV͒. One can see that the responsivity exhibits a steep increase with increasing electron concentration. This is because R n ϰ⌺ 0 Qϰ⌺ 0 3/2 . It is worth noting that the resonant responsivities obtained are substantially higher ͑by factor about Q͒ than those in the standard QW infrared photodetectors at the THz signal frequencies. 7, 8 In the above-given calculations we disregarded the finiteness of the transit time Ͻ2 -4 THz. Taking into account that the electron transport in such a thin barrier can be near ballistic, one can suggest that v c can be markedly higher than the above-given values of the saturation velocity resulting in a rather small role of the transit-time effect.
͑14͒

IV. COMMENTS
Neglecting quantum capacitance, the equivalent circuit of a QWPM can be presented as shown in Fig. 6 . It includes the capacitors and resistors simulating the collector and gate barriers ͑per their unit area͒, respectively, as well as the resistor and inductor simulating the QW channel. The collector barrier resistance, r c , varies under infrared irradiation. The fact that the electron current across the gate barrier is negligible implies that the gate barrier resistance, r g , is large compared to that of the collector barrier: r g ӷr c . The channel resistance is associated with the electron drift transport along the QW channel controlled by the electron scattering processes. Its value is estimated as rϰm/⌺ 0 . The inductance of the QW channel is due to the electron inertia. 37 Evidence for the inductive behavior in high electron mobility systems was reported in Ref. 38 . The inductance associated with high mobility electrons in field-effect transistors was measured in Ref. 31 . For the QW channel inductance ͑per unit area͒ one obtains 23 Lϰ(mL 2 /⌺ 0 ). One can see that the fundamental resonant frequency, ⍀ P , and the quality factor, Q, can be expressed in terms of parameters of the QWPM equivalent circuit as ⍀ P ϭ(CL) Ϫ1/2 and Qϭ(⍀ P Cr) Ϫ1 , respectively. The relative value of the quantum capacitance is determined by the factor (a B /4)(W c Ϫ1 ϩW g Ϫ1 ). For the QWPMs under consideration ͑a B ϭ10 nm and W c ϭW g ϭ50 nm͒, this factor is equal to 0.1.
It is worth to estimate the ratio of the maximum value of the QWPM responsivity, R 1 ϭR ⍀ P , which is given by Eq. ͑14͒, and the responsivity of a single QWIP with similar parameters. The latter responsivity at the frequencies exceeding the QW recharging frequencies is equal to 8 R ⍀ P QWIP ϭ(e⌺ 0 /2ប⍀). Taking this into account, we obtain
Qӷ1. ͑15͒
The positions of the resonant maxima are sensitive to the electron concentration in the QW channel. This concentration is directly related to the collector and gate voltages ͓see Eq. ͑5͔͒. Therefore, the resonant maxima can be tuned, for example, by the gate voltage. Using the above-given formulas, one can obtain the following estimate for the tuning parameter for the fundamental resonance:
Assuming 2Lϭ1 m and ⍀ P /2ϭ0.5 THz, we obtain ␦ Ӎ0.66 THz/V. The plasma oscillations excited by modulated infrared radiation ͑two laser beams with close photon energies͒ result in a periodic variation of the charge in the QW channel and the image charges in the collector and gate contacts. This leads to the oscillations of the current in the collector circuit and to electromagnetic radiation. Consider an array of QWPMs ͑see quency radiated from the outer extent of the spiral and high frequencies from the inner one. The implementation of this antenna provides the frequency tuning of the generated THz radiation with varying resonant plasma frequencies controlled by the gate voltage. The THz power, P ⍀ P , generated by the device in question irradiated by two lasers with total power P ⍀ can be estimated as
Here, r a is the antenna radiation resistance which is given by 3 r a ϭ60ͱ2/(1ϩae)ϭ72 ⍀. Setting ϭ2ϫ10 Ϫ15 cm 2 , ⌺ 0 ϭ10 12 cm Ϫ2 , ⍀ P /2ϭ0.5 THz, ប⍀ϭ124 meV, and Q ϭ20, for a total pump power of (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) mW distributed equally between the two lasers, we obtain P ⍀ P Ӎ(0.2 Ϫ0.8) mW. High conversion efficiency which can be exhibited by QWPM devices ͑as shown in the latter estimate͒ despite relatively low quantum efficiency of bound-tocontinuum intraband transitions in a single QW structure ͑in the above-given estimate it was assumed to be ⌺ 0 ϭ2 ϫ10 Ϫ3 ͒ is mainly due to a high value of the quality factor that leads to relatively large amplitudes of the resonantly excited plasma oscillations in the QW channel.
The equations derived previously for the transistor-type QWPMs take into account the capacitances of both the collector and gate junctions. To obtain the pertinent formulas for the diode-type QWPMs for which C g Ӎ0, one needs to put formally in Eqs. ͑2͒, ͑5͒, ͑10͒, ͑11͒, ͑13͒, and ͑14͒ W g ϭϱ.
As mentioned previously, QWPMs can have a single side contact to the QW channel. However, the resonant plasma frequencies in such QWPMs are different from those with two symmetrical side contacts at the same channel length. The point is that in QWPMs with symmetrical contacts which maintain the potential at the QW channel edges, the standing plasma waves only with integer number of halfwavelengths can be excited. In contrast, if there is only one side contact, the QW channel potential at the opposite edge of the QW channel is not fixed. This leads to the possibility of excitation of the waves with integer number of quarterwavelengths. In particular, in the case of two side contacts, the fundamental resonant plasma frequency is equal to ⍀ P ϭs/2L ͓see Eq. ͑12͔͒ while in QWPMs with a single side contact one obtains ⍀ P ϭs/4L.
V. CONCLUSION
In conclusion, we proposed a QWPM based on QW diode and transistor structures utilizing bound-to-continuum electron transitions which can be used for photomixing and evaluate the device operation using an analytical model. It was shown that the QWPM with high electron mobility in the QW channel can exhibit a resonant response to modulated infrared radiation when the modulation frequency is close to one of the plasma frequencies which can be in the THz range. High values of the responsivity in the THz range of signal frequencies indicate that the proposed QWPM and arrays of such devices can be used for efficient generation of THz radiation using photomixing of infrared signals.
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APPENDIX
Let us calculate the dependence of the electron sheet concentration in the QW channel as a function of the collector and gate voltages. We shall assume that the collector and gate layers as well as the QW are made of the same narrow gap material. It is also assumed that the donor concentrations in collector and gate layers are the same, so that these layers have the same electron Fermi energy ⑀ F . The sheet concentration of donors in a ␦-doped layer placed in the gate barrier near the QW is equal to ⌺ D . The potential drops across the collector and gate barriers, c ϩ and g ϩ ͓where ϭ(x) is the potential in the QW channel with respect to its contacts͔, and the electron sheet concentration in the QW channel, ⌺ 0 , are related by 
͑A3͒
Here, ⑀ 0 is the energy corresponding to the bottom of the two-dimensional electron subband in the QW channel with respect to the bottom of the conduction band in the QW, ⑀ F QW ϭ(ប 2 ⌺ 0 /m) is the Fermi energy of electrons in the QW channel. Equation ͑A3͒ is valid only in the ''gradual channel'' approximation. 34 
͑A4͒
The appearance of the Bohr radius in Eq. ͑A4͒ is associated with the contribution of the quantum capacitance. Using Eq. ͑A4͒, for the capacitance, Cϭd⌺/d, and for the dc component of the electron sheet concentration in the QW channel, ⌺ 0 , at ϭ0 one can arrive at the formulas given by Eqs. ͑2͒ and ͑5͒, respectively.
